1 For many decades, researchers have studied how plants use bet-hedging strategies to in-2 sure against unpredictable, unfavorable conditions. We improve upon earlier analyses by 3 explicitly accounting for how variable precipitation affects annual plant species' bet-hedging 4 strategies. We consider how the survival rates of dormant seeds (in a 'seed bank') inter-5 act with precipitation responses to influence optimal germination strategies. Specifically, 6 we incorporate how response to resource availability, i.e., the amount of offspring (seeds) 7 generated per plant in response to variation in desert rainfall, influences the evolution of 8 germination fractions. Using data from 10 Sonoran Desert annual plants, we develop models 9 that explicitly includes these responses to model fitness as a function of precipitation. For 10 each of the species, we identify the predicted evolutionarily stable strategies (ESS) for the 11 fraction of seeds germinating each year and then compare our estimated ESS values to the 12 observed germination fractions. We also explore the relative importance of seed survival 13 and precipitation responses in driving germination strategies by regressing ESS values and 14 observed germination fractions against these traits. We find that both seed survival rates 15 and precipitation responses are significant drivers for bet-hedging: germination fractions are 16 lower for species with high seed survival, lower reproductive success on dry years, or stronger 17 ability to respond to wet years with high yield. Our results offer insight into drivers of bet-18 hedging strategies in an iconic system, as well as provide the analytical framework to predict 19 how current or future environmental conditions will impact life history evolution. 20 21 24 48 upon reproductive success). The set of intercepts and slopes from these per-species relations 49 explain performance upon low-resource availability and responsiveness to increased resource 50 availability, respectively, and can be incorporated into models for understanding the adaptive 51 3 value of germination timing. Of course, abiotic conditions, such as temperature or precipita-52 tion, are not the only sources of risk in uncertain environments. The fitness consequences of 53
Introduction 25
For organisms inhabiting variable environments, it can be difficult to perfectly time key life 26 history functions, such as emergence or reproduction, with favorable conditions. In such 27 environments, natural selection will favor traits or strategies that buffer against uncertainty, 28 usually by spreading risk over time or space. This is often achieved through bet-hedging, 29 in which strategies or traits reduce variance in reproductive success at some cost to mean 30 reproductive success [1] [2] [3] . Empirical examples of putative bet hedging strategies include 31 iteroparity [4], variable diapause [5, 6] , and variable offspring size [7, 8] . Delayed seed 32 germination in annual plants is the classic example of bet-hedging [9] , in which variance 33 in success is reduced by spreading germination over multiple years, which has been clearly 34 demonstrated in annual plants of the Sonoran Desert [10, 11] . 35 Bet-hedging strategies interact with other traits to determine fitness, so the degree of 36 bet-hedging should depend on other traits that influence whether an organism can survive 37 until reproduction [10, 12] . For instance, the adaptive value of delaying germination depends 38 on the risk of seed mortality of seeds stored underground and seeds freshly produced [11, 13] , 39 which can depend on seed traits, such as varying seed coat thickness. Further, the effect of 40 variable conditions may also be mediated by traits expressed later in the life cycle, such as 41 those that relate to the organism's ability to tolerate stress as well as the ability to capitalize 42 on resource bonanzas. 43 In desert annual plants, low-resource tolerance (i.e, stress tolerance) and resource-use 44 capacity (i.e., the ability to capitalize on bonanzas) are likely to influence the fitness conse-45 quences of annual germination rates. One approach to assess the fitness consequences of such 46 functional responses is through relating resource availability to two quantities: the proba- Let n t denote the density of seeds in the seed bank in year t for a focal species. A fraction 98 of g seeds germinate each year. Under low density conditions, germinating seeds contribute 99 K t seeds to the seed bank in year t; we refer to K t as the low-density yield in year t. These 100 seeds survive to the next year with probability s new , the survival rate of fresh seeds. Negative 101 density-dependence reduces yield by a factor 1/(1 + agn t ), where a > 0 is a species-specific 102 competition coefficient for the germinating population. A fraction of (1 − g) seeds remain 103 dormant until the next year, each surviving with probability s old , the survival rate of dormant 104 seeds ( Figure 1 ). Under these assumptions,
Benaïm and Schreiber [18] show that the density of seeds, given by (1) , converge with probability one to a unique stationary distribution as t → ∞. In particular, if the lowdensity per capita growth rate
is negative, then n t converges with probability one to 0. Alternatively, if this low-density 106 per-capita growth rate is positive, n t converges to a unique, positive stationary distribution 107n (g). In particular, we can approximate the stationary distributionn(g) by one sufficiently 108 long run of the model (1) . relating the low-density yield K t to the precipitation P t :
where the probability of crossing the reproductive hurdle is:
(3)
We call α 1 the reproductive intercept, β 1 the reproductive slope, α 2 the log-yield intercept, 
Predicting ESS Values
To identify the ESS for the germination fraction g, consider a "mutant" population at very low densityñ with a different germination strategy,g. At low densities, this mutant population has a negligible feedback on the resident population and itself, but is influenced by the resident. Hence, its population dynamics are initially approximated bỹ
The success or failure of the invasion of these mutants is determined by their stochastic growth rate,
If r(g,g) < 0, the invasion fails and if r(g,g) ≥ 0, it succeeds [19] . A germination strategy g 142 is an ESS if r(g,g) < 0 for allg = g, i.e. no other strategy can invade. A necessary condition 143 for an ESS with 0 < g < 1 is that h(g) = ∂r ∂g (g, g) = 0. Since ∂ 2 r ∂g 2 (g,g) < 0 for allg, if such a 144 g is found, it is unique. Thus to find the ESS, we solve for the root of h(g) strictly between 145 0 and 1 (see Appendix A1). from the full binomial model) for Eriophyllum lanosum (ERLA) is shown in Figure 1B . predation, one may also use this same ESS machinery to predict germination rates of desert 268 annuals outside of the ten studied here. Finally, as 30 years of data did not capture the whole 269 picture in mean and variation in precipitation, it will be equally important to investigate 270 how differences in either of these affect evolutionarily stable strategies.
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Data Accessibility. All measured quantities for this study can be found at Dr. Lawrence 
